It has been recently discovered that electron injection into Phosphorus-, Lithium-, Antimony-or Nitrogen-doped ZnO semiconductor, using electron beam from a Scanning Electron Microscope, as well as a forward bias application to the p-n junction or Schottky barrier, leads to a multiple-fold increase of minority carrier diffusion length and lifetime (1-4). It has also been demonstrated that forward biasing a ZnO-based photovoltaic detector results in a several-fold responsivity enhancement due to a longer minority carrier diffusion length in the detector's p-region as a result of electron injection (5, 6). The observed electron injection effects were attributed to the charging of the metastable centers associated with the above-referenced impurities.
With p-type doping of ZnO becoming possible, it is very likely that minority carrier (bipolar) devices such as LEDs, laser diodes, and transparent p-n junctions can be achieved in the near future (7, 8, 9) . Besides effective p-type doping and robust ohmic contact fabrication, attaining the optimum performance of bipolar devices hinges upon overcoming an additional challenge -a short minority carrier diffusion length (usually ≤ 1µm), which is common to direct band gap semiconductors. Given the fact that the diffusion length is a critical parameter defining performance of p-n junction devices, it is imperative to find ways for its improvement. Our recent findings indicate that the latter parameter in ZnO can be noticeably enhanced by electron injection. The observed novel effect was attributed to electron trapping on impurity-related levels (10, 11) .
Electron injection in bulk ZnO substrates
The experiments were carried out on commercially available (Tokyo Denpa (TD)) bulk ZnO substrates grown by hydrothermal technique. Secondary Ion Mass Spectroscopy (SIMS) measurements performed on these substrates revealed the presence of lithium (Li) in the crystal on the level of ~ 4x10 16 cm -3 (Li is often added to ZnO to increase the resistivity of initially n-type samples) (12) . Room temperature Hall measurements showed the samples to be a weak n-type with an electron concentration of ~ 10 14 cm -3 and mobility of ~ 150 cm 2 /Vs. The samples under investigation were cleaved perpendicular to c-plane thus exposing the non-polar a-plane of ZnO. This was motivated by the observations that the latter crystallographic plane results in a better quality of Schottky contacts, as opposed to those deposited on the c-plane. Schottky barriers were, therefore, fabricated by electron beam evaporation of 100 nm-thick Au layer on ZnO a-plane and subsequent lift-off.
The experiments were carried out in-situ in a Philips XL30 Scanning Electron Microscope, which is integrated with a Gatan MonoCL3 cathodoluminescence system allowing wavelength-dependent and temperature-dependent optical measurements. A sample temperature in the cathodoluminescence measurements varied from 25 to 125 o C. For each temperature, periodic CL measurements were carried out under an SEM magnification of 4,000 at different locations subject to continuous (up to ~ 2200 seconds) excitation by an electron beam with the energy of 12 keV (fluence rate of ~ 6x10 15 cm -2 s -1 ), resulting in a current of up to several nA absorbed in the sample and electron beam penetration depth of ~ 0.8 µm. CL results, obtained by periodic acquisition of cathodoluminescence spectra, were compared with those collected from the room temperature Electron Beam Induced Current measurements carried out on the same sample by moving an SEM electron beam from the edge of the Schottky barrier, outwards (line-scan), and recording an exponential decay of induced current. Detailed description of EBIC experiments can be found elsewhere (13) . After a single EBIC line-scan was completed (12 seconds), the excitation of the sample was continued by moving the electron beam back and forth along the same line for the total time of ~ 2800 seconds. EBIC measurements were periodically repeated to extract the values of minority carrier diffusion length, L, as a function of the duration of electron beam irradiation, t (11, 13) . As displayed in Fig. 1a , a linear increase of L as a function of t is observed. L tends to saturate at t > 2800 seconds (not shown in Fig. 1a) . We also note that the irradiation-induced increase of carrier diffusion length persists for at least 4 days at the same saturated level.
The relatively large values of L in Fig. 1a (as compared to the values of ≤ 1 µm, usually observed in the direct band gap semiconductors) indicate very high quality and low dislocation density in bulk ZnO substrates.
EBIC measurements carried out on bulk ZnO substrates containing no lithium did not reveal any noticeable increase of L with t (up to 3600 s), suggesting that the presence of Li is important for the observed behavior (11) .
The observed increase of L in bulk n-ZnO is attributed to an increase of lifetime, τ, (calculated variation of lifetime, based on measured values of L, are from ~ 0.4 to ~ 0.8 µs) for non-equilibrium minority holes in the valence band (due to a lower rate of recombination with non-equilibrium electrons). The experimental evidence for lifetime increase was obtained from CL measurements; the room temperature near band-edge luminescence in the inset of Fig. 1b exhibits a continuous decay with increasing duration of electron beam irradiation (injection).
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As L is proportional to the square root of lifetime and depends linearly on t (14, 15, 16) , the inverse CL intensity, 1/I, which is also proportional to   τ (larger τ ensures longer nonequilibrium minority carrier stay in the band, and, as a result, lower rate of radiative recombination), should depend on the duration of electron injection quadratically. This is, indeed, observed in Fig. 1b , where the square root of the inverse normalized (with respect to the initial maximum value) intensity, I / 1
, is plotted versus t. The rate, R, for the linear increase of I / 1 with duration of electron irradiation can be used to determine the activation energy of the irradiation-induced effect according to the following expression (11):
where R 0 is a scaling constant, T is temperature, k is the Boltzmann's constant, ΔE A,I is the activation energy of electron irradiation effect, and ΔE A,T is the activation energy of thermally-induced intensity decay determined as described in ref. (11) . From the equation [1] , the value for ΔE A,I of 283 ± 9 meV was obtained using the Arrhenius plot shown in Fig.  1 
(c).
It is likely that the observed irradiation-induced increase in lifetime (cf. Fig. 1b ) and diffusion length (cf. Fig. 1a ) are caused by the trapping of non-equilibrium electrons on deep levels with the ionization energy of around 280 meV. Evidently, an increase in temperature results in a decrease of R (cf. Fig. 1c) , suggesting existence of a thermally activated process, which counteracts the effects of electron irradiation, thereby leading to a slower rate of τ   increase. Although more experiments are needed to clarify the nature of the involved deep center, it is quite likely related to the presence of Li in the ZnO lattice, as no electron injection effects occur in the material that does not contain lithium. It is pointed out in ref. (7) that group I elements substituting on the Zn site are good acceptor candidates. Li Zn , for example, is predicted to have acceptor energy level of 90 meV. However, as is seen in TD substrates under investigation, Li doping actually produces highly resistive ZnO. The reason likely involves formation of Li-interstitials (which have a donor nature) and other point defects with a pronounced signature in the effect of electron injection. Several independent reports (17, 18) link the presence of Li to the formation of deep acceptor states in ZnO with thermal ionization energies consistent with that obtained by us for the effects of electron injection (~ 280 meV).
Electron injection in ZnO doped with antimony (ZnO:Sb)
The effects of electron injection for Sb-doped 0.2 µm-thick p-type ZnO epitaxial layers (ρ = 1.3x10 17 cm -3 ; µ = 8 cm 2 /Vs at room temperature) grown on Si substrate by Molecular Beam Epitaxy (MBE) are summarized in Fig. 2 . The activation energy for the e-beam injection-induced increase of L, ΔE A,I = 219 ± 8 meV, was obtained from the graphs in Fig.  2b ,c using equation [1] (remembering that L ~ I / 1
) and accounting for the temperatureinduced increase of diffusion length presented in Fig. 2a (ΔE A,T = 184 ± 10 meV). The value of ΔE A,I is in agreement with that for a Sb Zn-2 V Zn acceptor complex, predicted by Limpijumnong et al. (19) . It can also be seen from Fig. 2 that the rate, R, of the diffusion length increase is reduced with increasing temperature. The increase of the diffusion length due to trapping is counteracted by the release of the trapped electrons that occurs if the carriers gain sufficient energy to escape the trap. As the temperature is raised, the likelihood of de-trapping increases, which dampens the irradiation-induced growth of the diffusion length. The saturation and relaxation of irradiation-induced change of diffusion length was studied at room temperature. Fig. 3 demonstrates that L reaches its maximum value after about 50 min of continuous exposure to the electron beam. Further monitoring revealed that irradiation-induced increase persists for at least one week. Annealing the sample at 175 o C for about 30 minutes resulted in a decrease of the diffusion length to about 1 µm. 
Electron injection in ZnO p-n junction diodes under forward bias
If a p-n junction diode is biased in the forward direction, the junction potential barrier decreases and the electrons from the n-type region are injected into the p-type region. This is expected to result in an increase of minority carrier diffusion length in p-type ZnO and, therefore, enhancement of p-n junction's photoresponse. Fig. 4 presents a schematic of this structure. EBIC measurements on ZnO p-n junction (as well as spectral and temporal photoresponse measurements) were carried out at room temperature on the cleaved structures before and after forward bias electron injection (see I-V curve in the bottom inset of Fig. 4) . Edge-illuminated configuration (as in Fig. 4 ) was employed for measurements. A shoulder observed on the spectra at ~ 350 nm corresponds to the effective band gap of ZnO (~ 3.54 eV). An increase of the photoresponse beyond this wavelength into visible region (ideally the response from device should end there) is due to the collection of photogenerated carriers in the Si substrate. Spectrum 1 corresponds to the preinjected state; spectrum 2 -2 C injected; spectrum 3 -12.6 C injected; spectrum 4 -25.5 C injected. Inset: L dependence on charge in p-ZnO:Sb layer due to forward current injection. Note: this dependence was measured on p-n junction structure different from that showing a photoresponse in Fig. 5 , but located on the same wafer as the latter. See ref. (21) for details. , 28 (4) 3-11 (2010) The values of L in the p-type ZnO layer were extracted from the line-scans. The inset of Fig. 5 shows diffusion length dependence on injected charge (forward bias, resulting in currents from 7 to 48 mA, was applied for the duration of about 1500 seconds, in 300-600 seconds increment; L saturation was observed with increasing duration of injection, but it is not shown on the plot).
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The exposure time of the p-n junction diode to the electron beam during EBIC measurements (12 seconds) is negligible as compared to that of forward bias application (up to ~ 1500 seconds). Therefore, the impact of electron beam injection on the increase of minority carrier diffusion length observed in the inset of Fig. 5 for p-ZnO layer is minimal. We also note that the diffusion length of minority holes in n-type ZnO (which was determined to be on the order of several hundred nm) was not affected by forward bias.
A significant increase of L with forward bias electron injection is consistent with a pronounced and long-lasting (persisted at the same level for at least several days!) enhancement of the spectral photoresponse of the ZnO p-n junction diode, as shown in Fig.  5 . For lateral collection devices (side-illuminated, as in Fig. 4) , the photocurrent is known to vary linearly with L (22). While an increase in L (due to longer lifetime) leads to a significant enhancement of quantum efficiency, the temporal photoresponse becomes slower as is seen in Fig. 6 for ZnO p-n junction diode excited by fs-pulse laser at 355 nm. Elongation of decay constant (Fig. 6 , lower inset) is likely related to an increase of minority carrier lifetime due to electron injection. The result in Fig. 6 supports the general rule that more sensitive detectors are slower (23) .
Discussion
If photons are absorbed on the p-side of a photodetector, the quantum efficiency, η, is (24):
ECS Transactions, 28 (4) 3-11 (2010) here, R (α) is the reflection (absorption) coefficient, W is the intrinsic (i) (depletion) layer width, and L is the p-side minority electron diffusion length. Increasing L clearly improves η  and responsivity (proportional to quantum efficiency (24) ). The tentative model for the observed electron injection-induced effects is presented in Fig. 7 (13, 25, 26) . The key ideas of the model are summarized below:
• A non-equilibrium electron, generated by a Scanning Electron Microscope (SEM) beam (cf. Fig. 7,I ) (or due to a forward bias of p-n junction), is trapped by a neutral metastable level (cf. Fig. 7,II) . The concentration of involved dopant levels (~ 10 18 cm -3 ) increases with the duration of electron injection. Trapping of the non-equilibrium electrons on the impurity levels (these levels create a band in the semiconductor forbidden gap) prevents recombination of the conduction band electrons through these levels (cf. Fig. 7,II) . This leads to an increase of lifetime, τ, for a non-equilibrium electron in the conduction band and, as a result, an increase of L (
, where D is carrier diffusivity which is unaffected by electron beam irradiation (13) ) and a decrease of CL intensity (radiative recombination rate is inversely proportional to carrier lifetime).
• The impurity level containing a trapped electron becomes available for recombination of a non-equilibrium conduction band electron as this level captures a hole. Capturing a hole means a transition of the trapped electron to the valence band (cf. Fig. 7,III) . The rate of this transition increases with increasing temperature, and we note the existence of the activation energy, preventing the immediate hole capture by the ionized impurity. It has to be pointed out that the activation energy for a hole capture on the impurity level is comparable (within 20%) with the thermal ionization energy of this level (14) .
• As the rate of hole capture on the impurity level increases, the conduction band electrons have more chance for recombination on this level. This results in a slower rate for the increase of non-equilibrium minority electron lifetime and L at higher temperatures.
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Conclusions
Electron injection into ZnO semiconductors leads to a pronounced enhancement of minority carrier transport (diffusion length) due to longer minority carrier lifetime in the band. These effects are attributed to electron trapping on deep levels in the ZnO forbidden gap.
